T ranscatheter occlusion of the persistently patent ductus arteriosus has been performed with a number of investigational, purpose-designed devices.1-3 A technique for occluding the very small ductus arteriosus with Gianturco embolization coils has been described recently, with successful occlusion in 3 of the 4 Complete right-and left-heart catheterization was performed using the percutaneous, transfemoral route. Minimum diameter of the ductus arteriosus was determined from the aortic cineangiogram. The ductus arteriosus was then crossed from the aortic side using a 5F Judkins right coronary artery catheter (Baxter Healthcare, Irvine, Calif). Catheters with 3.5-cm curves were used for patients who weighed <40 kg, and catheters with 4.0-cm curves were used in larger patients. Catheter tip position within the pulmonary artery was confirmed by flouroscopy, oximetry, and pressure monitoring. The method of coil occlusion is illustrated in Fig 1. The Gianturco coil, selected as described below, was inserted into the coronary catheter and advanced with a 0.038-in. Newton wire (Cook Inc, Bloomington, Ind) or a movable core wire (Argon, Athens, Tex) to the tip of the catheter. Under lateral fluoroscopic monitoring, a length of coil sufficient to produce 2/3-1 loop was advanced into the pulmonary artery. The coronary catheter and coil were then withdrawn until the extruded loop of coil reached the pulmonary arterial orifice of the ductus arteriosus. This position was achieved when the extruded loop began to straighten or when the extruded loop failed to continue moving with the coronary catheter. At this point the coronary catheter was carefully withdrawn into the descending aorta. If necessary, the wire guide was simultaneously advanced to avoid any further withdrawal of the first extruded loop from the pulmonary artery. The remainder of the coil, having been extruded from the catheter in the descending aorta, forms into loops at the aortic orifice of the ductus arteriosus, often lying within the ductal ampulla. Right-and left-heart catheterization was repeated, as was aortic cineangiography. Cephalothin was administered intravenously before insertion of the occluding coil, and cephalexin was administered orally for 24 hours following the procedure. Patients with allergies to cephalosporins received other antistaphylococcal antibiotics. Endocarditis precautions are discontinued 6 months after successful ductus occlusion.
Coil Selection
Gianturco coils of 0.038-in. wire diameter (Cook Inc, Bloomington, Ind) were used in all patients. Based on our experience with the first 4 patients, we developed the following criteria for coil selection, which were applied to the subsequent 20 patients: The helical diameter of the coil was 5 mm or 8 mm and was at least twice the minimum diameter of the ductus as determined by angiography. The length of the coil was sufficient to produce at least three loops, allowing one loop at the pulmonary artery end of the ductus and at least two loops at the aortic end. When the ductus arteriosus was elongated or complex or when difficulty in implanting the coil or in seating it within the ductal ampulla was anticipated, we have selected longer coils to provide more than three loops. The 5-mm helical diameter coils of 5 cm length and 8-mm helical diameter coils of 8 cm length produce approximately three loops, 8-mm helical diameter coils of 10 cm length produce approximately four loops, and 5-mm helical diameter coils of 8 cm length produce approximately five loops.
Statistical Analysis
Procedural success was defined as implantation of a coil into the ductus arteriosus that remained in place at the time of hospital discharge. Clinical success was defined as absence of the continuous murmur. Angiographic success was defined as absence of residual ductal shunting in the postocclusion aortic cineangiogram. Aortic cineangiograms obtained prior to coil occlusion were reviewed to determine the angiographic classification of the ductus as described by Krichenko and coworkers.5 Aortic cineangiograms that densely filled the aortic isthmus were reviewed to characterize ductal shunting before and after coil occlusion according to the following angiographic scale (Fig 2) : Trace residual shunts opacified a portion of the pulmonary artery bifurcation and did not opacify the main or branch pulmonary arteries; small shunts partially opacified the main pulmonary artery in diastole; moderate shunts densely opacified the main pulmonary artery with some degree of opacification of the branch pulmonary arteries during diastole, and usually produced a distinct levophase; and large shunts densely opacified the branch pulmonary arteries to an extent similar to the aorta. Shunts were also considered large if the pulmonary artery systolic pressure was >50 mm Hg or if clinical evidence of congestive heart failure was present. Shunt sizes before and after coil occlusion were compared using the Wilcoxon sign-rank test. Continuous variables are reported as mean+SD, except for patient age and weight, which exhibited a skewed distribution and are therefore reported as median and range. Systolic pressure gradients between left pulmonary artery and main pulmonary artery and between aortic arch and descending aorta measured before and after coil implantation were compared by repeated-measures ANOVA. We selected P<.05 to indicate a significant difference.
Results

Study Population
Coil occlusion of patent ductus arteriosus was attempted in 24 patients (Table) , ranging in age from 11 months to 30 years (median, 4.2 years) and in weight from 7.5 to 94.5 kg (median, 15.9 kg). All patients exhibited typical continuous murmurs. Concomitant cardiovascular conditions included mild aortic stenosis in 1 patient, mild pulmonary stenosis in 1 patient, moderate aortic stenosis with mitral regurgitation in 1 patient, and congenital complete heart block with cardiomyopathy and moderate pulmonary hypertension (pulmonary artery pressure 72/15) in 1 patient. Two patients had a residual patent ductus arteriosus following surgical ligation, and 1 patient had undergone prior balloon pulmonary valvuloplasty. Balloon aortic valvuloplasty was performed immediately prior to coil occlusion of the ductus arteriosus in 1 patient. Minimal ductal diameter ranged from 0.5 to 4.0 mm (mean, 1.7±0.8 mm), and angiographic classification5 of the ductus arteriosus included 15 patients with type A, 1 with type B, 2 with type C, 3 with type D, and 3 with type E. Pulmonary artery systolic pressure ranged from 16 to 72 mm Hg (mean, 24.3+±11.4 mm Hg). General anesthesia was used for 18 procedures, and 6 were performed using local anesthesia and sedation.
During this same 12-month period, transcatheter occlusion was not attempted in 12 eligible patients whose cardiologists referred them for surgical rather than transcatheter closure or whose parents refused transcatheter occlusion. These patients ranged in age from 8 months to 7 years (median, 3 projection, illustrating the sequence of steps in transcatheter occlusion of patent ductus arteriosus with a S-cm length, S-mm helical diameter Gianturco coil. A, Size and morphology of the ductus are determined by contrast injection. Note that the narrowest portion of the ductus overlies the posterior portion of the tracheal air column. The main pulmonary artery is incompletely opacified by this injection, indicating a small shunt (see Fig 2) . B, The coronary artery catheter is positioned well into the pulmonary artery, and the coil has been advanced to the tip of the catheter. C, A single loop of coil has been extruded into the pulmonary artery. D, The catheter and coil have been pulled back until the extruded loop has engaged the pulmonary artery end of the ductus, evidenced by passive extrusion of a small length of coil. E, The remainder ofthe coil has been delivered into the descending aorta and has coiled in the ductal ampulla. F, Repeat contrast injection confirms complete occlusion of the ductus arteriosus. An 8-cm-length coil had been retrieved from this patient's ductus because it was thought toprotrude toofar into the descending aorta.
residual shunt (Fig 3) . The patient began coughing and developed cyanosis responsive to supplemental oxygen 15 minutes after occlusion. Fluoroscopy confirmed migration of the coil to the right pulmonary artery. Retrieval forceps were used to remove the coil from the pulmonary artery and deliver it to the femoral vein, where it was retrieved by a cutdown procedure. In the fourth patient of the series, a 5-cm-long, 8-mm helical diameter coil, delivered to a 1.3-mm minimum diameter, type E ductus, embolized to the left pulmonary artery immediately on release. The length of the coil selected was sufficient for no more than one loop on the aortic side of the ductus, and the length and diameter of the ductus prevented that loop from forming as anticipated, allowing the coil to escape through the ductus arteriosus. This coil was retrieved percutaneously with a basket retrieval device (Medi-tech, Watertown, Mass). Surgical closure of the ductus arteriosus was subsequently performed in both patients. No coil has embolized to the aorta. No instances of coil migration have been observed in the 22 patients whose coil size conformed to the above criteria.
In 1 patient with previous ductus ligation, the small residual ductus required dilation with the dilator of a 6F transseptal sheath to allow a 5.5F Cobra catheter to cross the ductus and deliver the coil. In 3 patients, initial coil loops were inadvertently pulled through the ductus as the catheters were withdrawn into the aorta but before the coils had been completely extruded from the catheters. In each instance, the catheter and coil were easily withdrawn through the arterial sheath, and subsequent coil occlusion of the ductus was accomplished. In 1 patient, a coil of 5-mm helical diameter and 8-cm length was thought to protrude too far into the descending aorta after implantation and was removed with a wire snare. A shorter (5-cm) coil was then implanted, with excellent results (Fig 1) .
No patient required a blood transfusion. Diminished lower extremity pulse was observed only in the 11- Fig 1. B and C, The main pulmonary artery is well opacified, with opacification of the branch pulmonary arteries as well. These cineangiograms, which indicate moderate shunts, also exhibited distinct levophases. D and E, No residual shunt was observed in these patients after coil occlusion of the ductus arteriosus. F, A thread of contrast (arrow) is seen entering the pulmonary artery after coil occlusion of the ductus arteriosus, indicating a trace residual shunt. This example represents the largest residual shunt observed in our series. Another example of trace residual shunt can be found in Fig 3. implantation. If ductus occlusion has been accomplished with minimum ductus diameters of up to 3.3 mm, more than twice the previously reported ductus size to which this technique has been applied. Coil occlusion of the ductus does not cause obstruction to normal flow at the pulmonary artery or aortic ends of the ductus. We recommend using coils with helical diameters at least twice the minimum ductus diameter and of sufficient length to produce three to five loops (one on the pulmonary arterial end and two to four on the aortic end of the ductus). Larger numbers of treated patients and longer follow-up will be necessary to more precisely define the efficacy, safety, and most appropriate indications for this procedure. Issues of cost effectiveness should also be addressed in further studies.
